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ABSTRACT
Magnesium (Mg)

Metal

matrix composites

(MMCs) reinforced by

ceramic

reinforcements are being developed for a variety of applications in automotive and aerospace
because of their strength-to-weight ratio. Reinforcement being considered includes SiC, Al2O3,
Carbon fiber and B4C in order to improve the mechanical properties of MMCs. Microstructural
and interfacial characteristics of MMCs can play a critical role in controlling the MMCs’
mechanical properties. This study was carried out to understand the microstructural and
interfacial development between Mg-9wt.Al-1wt.Zn (AZ91) alloy matrix and several
reinforcements including SiC, Al2O3, Carbon fibers and B4C. X-ray diffraction, scanning
electron microscopy and transmission electron microscopy was employed to investigate the
microstructure and interfaces. Al increase in hardness due to the presence of reinforcements was
also documented via Vicker’s hardness measurements. Thermodynamic consideration based on
Gibbs free energy was employed along with experimental results to describe the interfacial
characteristics of MMCs. Reaction products from AZ91-SiC and AZ91-Al2O3 interfaces were
identified as MgO, since the surface of SiC particles is typically covered with SiO2 and the MgO
is the most thermodynamically stable phase in these systems. The AZ91-Carbon fiber interface
consist of Al4C3 and this carbide phase is considered detrimental to the mechanical toughness of
MMCs. The AZ91-B4C interface was observed to contain MgB2 and MgB2C2. In general,
Vicker’s hardness increased by 3X due to the presence of these reinforcements.
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CHAPTER 1: INTRODUCTION
Metal matrix composites (MMCs) reinforced by ceramics are widely used in various
industrial applications. MMCs are light weight and have enhanced strength, hardness and
corrosion resistance compared to their metallic alloy counterparts. To achieve these advantages,
SiC, Al2O3, carbon fiber and B4C are commonly used as reinforcements in the metallic matrix.
Among the various metallic matrices, metals such as Al, Fe, Zn and Mg or Mg-alloys are of
current interests due to their light weight. Ye and Liu (2004) reported that the density of Mg is
two thirds of Al and a fifth of Fe. The automotive and aerospace industries are interested in
reducing the weight of components and therefore prefer to use Mg-MMCs.
Mordike and Luka (2001) reported that many factors such as processing methods, heat
treatment and matrix / reinforcement phase can affect the properties of MMCs. The bonding and
constituents at the interfaces can play a critical role in controlling the MMCs’ mechanical
properties. The role of the interface is to transfer the stress from the matrix to the reinforcement
without physically separating the matrix and the reinforcement. In cases of poor adhesion or
brittleness at the interface, applied stress can result in a separation between the matrix and the
reinforcement and the stress cannot be transferred. Therefore, the reactions at the interface
strongly affect the mechanical properties of MMCs.
The objective of this study was to examine and characterize the microstructure of and
interfaces in AZ91-SiC, AZ91-Al2O3, AZ91-C fibers, and AZ91-B4C and document the increase
in hardness due to the presence of the reinforcement. To analyze the microstructure and
1

composition, scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS)
and X-ray diffraction (XRD) were carried out for all samples. In addition, the phase constituents
of the AZ91-B4C interface were investigated by transmission electron microscopy (TEM) and
electron energy loss spectroscopy (EELS). Since the squeeze casting process was carried out at
high temperature, the thermodynamics and phase diagrams were employed to explain the
reactions at the interfaces. Findings from this research will help understand the MMCs’ interface
reactions during processing.
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CHAPTER 2: LITERATURE REVIEW
2.1. Metal Matrix Composites
Metal Matrix Composites (MMCs) are composed of reinforcements in a metallic matrix
that are chemically and physically different. Generally, materials with low densities and high
hardnesses, such as ceramics, are used as reinforcements. These reinforcements can be
categorized as fibers, whiskers and particles.
Kainer (2006) found that the advantages of using fiber, whisker and particle
reinforcements are:
• Increased yield strength, tensile strength and Young’s modulus
• Increased creep resistance and fatigue strength at higher temperatures
• Improved thermal shock resistance and wear behavior
• Reduced density and weight

2.1.1. Metallic Matrices
Kainer (2006) explained that due to improved methods for producing MMCs, various
types of metals and alloys could be used as metallic matrices. The choice of materials for the
matrix depends on the desired characteristics for the application. Therefore, a study of the
characteristics of metals and alloys is valuable. Aluminum, titanium, magnesium and copper are
the most widely used metals as a matrix because of specific characteristics such as their
favorable mechanical properties, low densities, and electrical conductivities. Chawla and Chawla
3

(2006) reported common matrix metals and their alloy characteristics:

• Aluminum and aluminum alloys
Aluminum and its alloys have beneficial mechanical properties such as strength,
toughness and corrosion resistance, as well as low density. Also, molten aluminum alloys have
low viscosities, which allows for easier processing of MMCs. Because of these advantages,
aluminum and its alloys are one of the most widely used metals in various industries, including
the automotive and aerospace industries.

• Titanium and titanium alloys
Titanium and its alloys have extremely high mechanical properties such as strength and
toughness. Moreover, titanium and its alloys have higher melting points compared to the light
metals. However, the drawback of titanium is that it is relatively costly. Therefore, the usage of
titanium and its alloys are mostly focused in applications that require resistance to high
temperatures. For example, titanium alloys are used for surfaces in jet engines in the aerospace
industry.

• Magnesium and magnesium alloys
Magnesium and its alloys are materials of recent interests since they are the lightest
among the metals. Magnesium alloys are used in the automotive and aerospace industries to help
decrease the weight of a component such as the gearbox housing.
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• Copper
Copper has high thermal and electrical conductivities. Although gold and silver have
better conductivities, they are very expensive compared to copper. Therefore, copper is mostly
utilized for electrical conductors and thermal management applications.

2.1.2. Reinforcements
Metal matrices reinforced with fibers, whiskers or particles have enhanced physical and
mechanical properties. Kainer (2006) reported that in order to improve the properties of MMCs,
reinforcements should have the following characteristics:
• Low density
• Low thermal expansion coefficient
• High strength, hardness and Young’s modulus
• Good chemical reactivity with molten metal
• Reasonable price
Chawla and Chawla (2006) stated that ceramic materials such as SiC, B4C and Al2O3 are
widely used because they have many of the required characteristics for reinforcements. SiC is
quite inexpensive and is commonly used for abrasive, refractory, and chemical purposes.
Because of its high melting point (3000K) and high hardness, it is widely used for hightemperature and high-voltage semiconductor electronics, car clutches and bulletproof parts. B4C
is an exceptionally hard ceramic and is used for armor and bulletproof vests. Al2O3 has high
wear-resistance, thermal conductivity, high strength and stiffness. It is used for high temperature
5

electrical insulators, ballistic armor, furnace liner tubes and wear pads. Table 1 shows more
examples of typical ceramic fibers, whiskers and particles used as reinforcements in MMCs.

Table 1. Some important reinforcements for MMCs. Chawla and Chawla, (2006).
Fibers

SiC, Al2O3, TiC, B4C, WC

Whiskers

SiC,TiB2, Al2O3

Particles

Al2O3, B, SiC,Si3N4

2.1.3. Interface
The term interface used in MMCs refers to the boundary area between the matrix and
reinforcement. Kainer (2006) reported that interface reactions between the matrix and the
reinforcement play a critical role in determining the mechanical properties. The chemical
reactions between the matrix and reinforcement can cause products to form at the interfaces
which consequently determine the bond strength between the matrix and reinforcement. This
reaction zone forms transition layers at the interface. The role of the interface is to transfer the
stress from the matrix to the reinforcement without allowing the two to separate. In cases of poor
adhesion, an applied stress results in the separation of the matrix and the reinforcement since the
load could not be transferred to the fiber successfully. In the case of medium adhesion, the
interface demonstrates only some local separation. However, in the case of good adhesion,
delamination does not occur between the matrix and reinforcement. Figure 1 shows schematics
of the differences in crack growth at the interface in the cases of poor, medium and good
6

adhesion. Therefore, these reactions at the interface strongly affect the mechanical properties of
MMCs.

Figure 1. Schematics of crack growth for poor, medium, and good fiber-matrix adhesion.

2.1.4. Applications of Metal Matrix Composites
Due to the advantages of MMCs compared to conventional metals or alloys, MMCs are
used in various industries. Kainer (2006) organized the required properties and examples of
MMCs by industry:

2.1.4.1. Aerospace
In the aerospace industry, low densities, tailored thermal expansion coefficients and
conductivities, as well as good mechanical properties are important. Therefore, compared to
other industries, the aerospace industry focuses more on improving these properties of MMCs
rather than the cost. The aerospace industry uses MMCs such as Al-SiC, Al-B, Mg-C, Al-C or
7

Al-Al2O3 to develop frames, joining elements and aerial parts.

2.1.4.2. Automotive
The automotive industry requires materials having a high strength, temperature resistance,
a low thermal expansion coefficient, and high wear and creep resistance for their parts. Because
the automotive industry requires these characteristics, this industry uses Al-SiC, Al-Al2O3, MgSiC and Mg-Al2O3 to make piston rods, frames, valve spring caps, brake discs, and brake pads.

2.1.4.3. Military
The military requires materials having a high specific strength, stiffness, impact strength
and fatigue resistance for their applications. Therefore, the military utilizes Al-B, Al-SiC, Al-C,
Ti-SiC, Mg-C, Al-B4C and Mg-B4C for products such as turbine blades, missiles, armor and
bullet proof parts.

2.1.4.4. Energy
The energy industry has specialized needs for the production of carbon brushes, electrical
contacts and super conductors. In order to meet these needs, materials with a high electrical
conductivity, thermal conductivity, wear resistance, and corrosion resistance are required. The
use of Cu-C, Ag-Al2O3, Ag-C and Ag-Ni allows these requirements to be met.
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2.2. Magnesium Metal Matrix Composites
2.2.1. Magnesium Matrix
In recent years, magnesium matrix composites are becoming increasingly used in various
industries because of their light weight. Ye and Liu (2004) found that the density of magnesium
is around two thirds of Al, one quarter of Zn and one fifth of Fe. Accordingly, Mg-MMCs
provide more desired properties with light weight as compared to conventional alloys or other
MMCs. In addition, Mg-alloys have exceptional wettability, cast ability, and machinability.
According to Warda (1989), the production of Mg-MMCs has grown significantly.

2.2.2. Ceramic Reinforcements
Chawla and Chawla (2006) reported that SiC, Al2O3 and C fibers are the most widely
used reinforcements due to their good wettability with Mg-alloys, high mechanical properties
and low cost. Regardless of its high price, B4C is also used because it is extremely hard and has
an excellent ability to absorb neutrons without forming long lived radionuclides.

2.2.3. Interface Microstructures of Mg-Metal Matrix Composites
2.2.3.1. Magnesium-SiC Particle Interface
Braszczynska, Litynska, Zynska and Baliga (2003) examined the interface between the
magnesium alloy matrix and SiC particle by TEM. According to Braszczynska et al. (2003), the
interface between Mg and SiC is stable and strongly-bonded, as well as precipitate-free.
9

Moreover, SiO2 was identified at the interface via electron diffraction. Braszczynska et al.
(2003) explained that this is due to the SiC particles being covered with SiO2 film from natural
oxidation.
During the MMCs processing, the molten Mg reacted with the oxide film on the SiC
particles and produced MgO on the interface. Braszczynska et al. (2003) also found MgO layers
between the magnesium and SiO2.

2.2.3.2. Magnesium-Al2O3 Whisker Interface
Pfeifer, Rigsbee and Chawla (1990) conducted research regarding the interface between
an Mg-alloy (ZE41A) and Al2O3. According to this research, a reaction zone was observed
between the Mg-matrix and Al2O3 fiber. The average length of the reaction zone was 0.1μm.
Pfeifer et al. (1990) proved that MgO formed at the interface by analyzing microdiffraction
patterns.

2.2.3.3. Magnesium-C Fiber Interface
According to Irmann (1948), the Mg-C system is chemically non-reactive because the
magnesium carbides are endothermic compounds which start to decompose around 800K~950K.
Therefore, the production of compounds such as MgC2 or Mg2C3 at the interface between C and
Mg can be difficult. As a result, the Mg-C system has poor bonding between the fiber and matrix.
Feldhoff, Pippel and Woltersdore (1999) explained that the strength of interfacial
bonding can be improved by creating reactive conditions via changing the chemistry of the fiber
10

surface or of the matrix. An alloying constituent widely used to improve the interface reaction is
Al, which forms Al4C3 (Qui and Metselaar, 1994), Al2MgC2 (Viala et al.,1991) or Al4Mg2C3
(Flower and Morris, 1987). Additionally, to solve the problem of weak bonding, C fibers coated
with SiC are used to produce MgO.
Feldhoff et al. (1999) reported that Al4C3 was found by TEM at the interface between the
C fiber and AZ91 matrix.

2.2.3.4. Magnesium-B4C Particle Interface
Kevorkijan and Skapin (2009) reported that the Mg-B4C system has a chemically nonreactive character and low wettability. The low chemical reactivity between pure Mg and B4C
causes the formation of weak bonds between the matrix and reinforcement. To improve reactive
conditions, methods for changing the composition of the fiber surface or of the matrix are used.
To improve the interfacial reaction, Al is widely used as an alloying element in the Mg-matrix.
Also, the B4C powders are commonly doped with Si or Ti.
Kevorkijan and Skapin (2009) examined the interface between Mg-B4C particles by SEM.
The reaction between Mg and Si-doped B4C particles produced MgB2, MgO, SiO, and unreacted
carbon. In addition, the reaction between Mg and Ti doped B4C particles had a similar result.

2.3 Magnesium Metal Matrix Composite Processing: Squeeze Casting
Squeeze casting (SC) is a fabrication technique used to produce MMCs. The basic idea
behind squeeze casting is to apply steam pressure to a molten metal while the metal is solidifying
11

in a die. Ye and Liu (2004) reported that, compared to stir casting, which is the most economical
method to produce MMCs, squeeze casting has several advantages. These advantages include a
higher density, less defects, and the possibility for the addition of a high volume fraction of
reinforcement (up to 50%). Moreover, in terms of mechanical properties, yield strength is
improved up to 10% while elongation and fatigue strength were increased by as much as 50%.
According to Ghomashchi and Vikhrov (2000), the process of squeeze casting involves the
following steps.

1. Molten metal is poured into a preheated lower dye.
2. The press is moved to close off the cavity and maintain the pressure of the molten metal
in the dye. This step is carried out very promptly, allowing for the solidification of the
molten metal under pressure.
3. The pressure is maintained until complete solidification has occurred. This not only
increases the rate of heat flow, but most importantly, would eliminate macro/micro
shrinkage porosity. In addition, since nucleation of gas porosity is pressure-dependent,
the porosity formation due to dissolved gases in the molten metal is restricted.
4. Finally the punch is pulled out and the solidified metal is expelled.
Goh, Soh, Oon and Chua (2010) reported that the applied pressure affects the
microstructure and mechanical properties of the product. The use of high pressure is established
to be sufficient to off-set the metal’s solidification shrinkage. Moreover, high pressure makes the
dendritic arm spacing smaller. As a result, the product has finer grains and a higher density,
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which leads to a greater strength and ductility of the castings. In the case of Mg-MMCs, the
processing pressure has to be controlled since an excessively high pressure may produce a
turbulent flow of molten magnesium causing magnesium oxidation to occur. Moreover,
uncontrolled pressures can also damage the reinforcement in the MMC and reduce its
mechanical properties. Consequently, a two-step squeeze casting process is normally used to
produce Mg-MMCs. It consists of infiltration at low pressure and solidification at high pressure.
Goh et al. (2010) conducted a study with Mg-MMCs and found that strength, strain, and
microstructure depend on melting temperature and squeeze casting pressure. According to
Table 2, tensile properties and macro hardness peaked at a pressure of 111 MPa while the
melting temperature and mold temperature were held constant. Additionally, the optimum melt
temperature was then determined to be 800ºC while holding the pressure and mold temperature
constant. Finally, the ideal mold temperature was found to be 200ºC.

13

Table 2. Tensile and macrohardness test results of squeeze cast. Goh et al, (2010).
YS/MPa

UTS/MPa

Strain/%

Macrohardness/HR15T

Run 1: Variable squeeze casting pressure mold temp : 200 ºC melt temp : 750 ºC
Squeeze casting pressure/MPa
83
115±4
177±9
1.3±0.4
72.7±0.8
95
111±7
178±12
2.1±0.5
73.0±1.1
111
114±4
194±8
2.2±0.1
173.8±0.4
Run 2: Variable melt temp, squeeze casting pressure: 111MPa, mold temp: 200 ºC
Melt temp/ ºC
700
750
800

102±9
114±4
123±5

164±13
194±8
205±5

1.4±0.5
2.2±0.1
2.7±0.5

72.1±1.3
73.8±0.4
74.2±0.5

Run 3: Variable mold temp, squeeze casting pressure: 111MPa, melt temp: 800 ºC
Mold temp/ ºC
150
200
250

112±10
123±5
111±11

180±14
205±5
194±14
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1.3±0.5
2.7±0.5
2.5±0.7

74.5±0.7
74.2±0.6
73.8±0.9

CHAPTER 3: EXPERIMENTAL PROCEDURE
3.1 Materials
All the MMC samples examined in this study were produced by squeeze casting at the
Foundry Research Institute of Poland. The general procedure of the materials processing, i.e.,
squeeze casting, can be found in section 2.2.3. Details of the materials and processing
parameters, except for those listed in Table 3, cannot be published due to proprietary reasons.

Table 3. Chemical compositions of samples.
Sample number

Matrix

Reinforcement

Density(g/cc)

1

AZ91

SiC(α) particles

2.48

2

AZ91

Saffil® whiskers

2.27

3

AZ91

C fiber

1.80

4

AZ91

B4C particles

2.26

The matrix AZ91 consists of 90 wt.% of Mg, 9 wt.% of Al and less than 1 wt.% of Zn.
The Saffil® was produced by the Saffil group and its composition is 96 wt.% of Al2O3 and 4
wt.% of SiO2.
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3.2 Metallographic Preparation
3.2.1 Preparation for X-ray Diffraction
Each sample was sectioned by a low speed diamond saw with oil based lubricant. The
size of the samples examined using microscopy was 2cm×1cm in area and less than 1cm thick.

3.2.2 Preparation for Scanning Electron Microscopy
The samples were grounded and polished using the following steps:
-

-

-

Grinding

Step

SiC grit

Time (min)

Force(N)

Speed (rpm)

1

240

0.5

15

150

2

600

1

15

150

3

1200

1.5

15

150

Step

Suspension

Time (min)

Force(N)

Speed (rpm)

1

3µm alumina

2

15

150

2

1µm alumina

3

15

150

Polishing

Cleaning

Ultrasonicator (Fisher Scientific FS20D) – 5min
16

All grinding and polishing steps employed non-oxidizing ethanol-based lubricant. Also,
any contact with water was eliminated during these steps to reduce oxidation.

3.3 Microstructure Analysis
3.3.1 X-ray Diffraction
X-ray diffraction (XRD) patterns were collected and analyzed for all samples to
determine the phase constituents. Each sample was attached to the holder with clay as shown
Figure 2. XRD measurements were carried out using a Rigaku D-Max Diffractometer using CuKα radiation. The 2θ scanning range was 20º to 90º and the step size was 0.02º. The XRD
patterns were indexed based on the JCPDS resources using MDI Jade 7 software.

Figure 2. Example of XRD sample attached with clay.
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3.3.2 Scanning Electron Microscopy
Each sample was examined using OM first to see the quality of polishing, and then using
SEM (Zeiss ULTRA-55) equipped with EDS (Noran System 7) to investigate the microstructure
and phase constituents. For SEM, all specimens were Au-Pd coated using a sputter coater
(EMITECH K550) for 1 minute at 20mA. To improve conductivity, the samples were attached
using double sided carbon tape. Figure 3 is an example of an SEM sample. Backscatter
micrographs were taken at 20kV accelerating voltage and 4~7mm working distance. The EDS
data was acquired at an operating voltage of 20kV and a working distance of 13mm.

Figure 3. Example of Au-Pd coated sample attached with double sided carbon tape.
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3.3.3 Transmission Electron Microscopy
The AZ91-B4C particle MMC sample was investigated via TEM. To make an “in-situ”
TEM sample, a FEI 200 TEM FIB was utilized. FEI Technai F30 TEM was used to examine the
microstructure by taking a dark field image at the interface. Electron energy loss spectroscopy
(EELS) was used to examine the constituents at the interface.

3.3.4 Hardness Test
Hardness data was acquired using a Vickers Hardness Tester LV700. The Vickers
hardness was calculated by measuring an area such as that shown in Figure 4. An average
hardness was determined based on ten readings using a 5 kgf for each sample.

Figure 4. Representative indention made by Vickers hardness test.
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CHAPTER 4: RESULTS AND DISCUSSION
4.1. Microstructure of Composites
4.1.1. AZ91 Metal Matrix Composite Reinforced by SiC Particles
The MMC characterized in this section is reinforced by SiC particles approximately
10μm in diameter. The volume fraction of the reinforcement is 40%. As shown in Figure 5, the
microstructure of the composite consists of three phases: magnesium matrix (A), SiC particles
(B), and Mg2Si precipitate (C).
According to Figure 5 and Figure 6, the AZ91 matrix and the SiC particles are well
bonded and few precipitates exist in the matrix or at the interface. The EDS pattern for each
region is given in Figures 7 through 9. However, the XRD pattern in Figure 10 only shows
magnesium solid solution and SiC peaks because of the insufficient amount of Mg2Si.

Figure 5. Backscatter electron micrograph of AZ91-SiCp composite.
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Figure 6. Secondary electron micrograph of AZ91-SiCp composite.

Figure 7. EDS pattern from area “A” in Figure 5 corresponding to Mg solid solution.
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Figure 8. EDS pattern from area “B” in Figure 5 corresponding to SiC particle reinforcement.

Figure 9. EDS pattern from area “C” in Figure 5 corresponding to Mg2Si precipitates.
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Figure 10. XRD pattern from AZ91-SiC composite.
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4.1.2. AZ91 Metal Matrix Composite Reinforced by Al2O3 Whiskers
The MMC characterized in this section is reinforced by Al2O3 whiskers. The volume
fraction of the reinforcement is 35%. The microstructure of the composite consists of three
phases: magnesium matrix (A), Saffil® alumina whiskers (B), and Mg2Si precipitates (C).
As shown in Figure 11, the AZ91 matrix contains many Mg2Si precipitates. Moreover, in
Figure 11, a narrow reaction zone is also observed along the reinforcements. The EDS pattern for
each region is given in Figure 12 through 14. Because Saffil® alumina contains 4 vol.% of SiO2,
the EDS pattern in Figure 13 detects a low Si peak. However, the XRD pattern in Figure 15
could only detect magnesium solid solution and Al2O3 due to the insufficient amount of Mg2Si.

Figure 11. Backscatter electron micrograph of AZ91-Al2O3 composite.
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Figure 12. High magnification backscatter electron micrograph of AZ91- Al2O3 composite.

Figure 13. EDS pattern from area “A” in Figure 11 corresponding to Mg solid solution.
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Figure 14. EDS pattern from area “B” in Figure 11 corresponding to Saffil® alumina whiskers.

Figure 15. EDS pattern from area “C” in Figure 11 corresponding to Mg2Si precipitates.
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Figure 16. XRD pattern from AZ91-Al2O3 composite.
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4.1.3. AZ91 Metal Matrix Composite Reinforced by Carbon Fibers
The MMC characterized in this section is reinforced by carbon fibers. The volume
fraction of the reinforcement is 55%. The microstructure of the composite consists of three
phases: carbon fibers (A), magnesium matrix (B), and some Al-rich precipitates (C) as shown in
Figure 17.
EDS analysis was only able to identify Mg solid solution as shown in Figure 18. The
XRD pattern shown in Figure 19 also identified only the Mg solid solution and indicated
graphitic nature of the carbon fiber. The broad peak around 25° is a strong indication of the
presence of graphite carbon.

Figure 17. Backscatter electron micrograph of AZ91-carbon fiber composite.
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Figure 18. EDS pattern from area “A” in Figure 17 corresponding to Mg solid solution.

Figure 19. XRD pattern from AZ91-carbon fiber composite.
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4.1.4. AZ91 Metal Matrix Composite Reinforced by B4C Particles
The MMC characterized in this section is reinforced by B4C particles approximately 10
μm in diameter. The volume fraction of the reinforcement is 45%. The microstructure of the
composite consists of three phases: magnesium matrix (A), B4C particles (B), and Mg2Si
precipitates (C).
As shown in Figure 20 and Figure 21, the AZ91 matrix and B4C particles are well bonded.
Precipitates also exist in the matrix and at the interface. The EDS patterns for each region are
given in Figure 22 through Figure 24. However, the XRD pattern in Figure 25 could only detect
magnesium solid solution and B4C due to the insufficient amount of Mg2Si.

Figure 20. Backscatter electron micrograph of AZ91-B4C particle composite.
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Figure 21. High magnification backscatter electron micrograph of AZ91-B4C particle composite.

Figure 22. EDS data from area “A” in Figure 20 corresponding to Mg solid solution.
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Figure 23. EDS data from area “B” in Figure 20 corresponding to B4C particles.

Figure 24. EDS data from area “C” in Figure 20 corresponding to Mg2Si precipitates.
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Figure 25. XRD pattern from AZ91- B4C particle composite.

To examine the microstructure and constituents at the interface, TEM analysis was
carried out. As shown in Figure 26, less than 500 nm of reaction zone was found at the interface.
Constituents of the interface were characterized by EELS. Figure 27 and Figure 28 show Mg, B,
C and O EELS spectra. Table 4 and Table 5 show the results of the EELS spectra analyses.
According to the data, the dominant constituent at the interface is MgO.

33

Figure 26. Dark field micrograph of the interface between AZ91 and B4C.
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Figure 27. EELS spectrum at the interface for Mg.

Table 4. EELS spectrum analysis at the interface for Mg and Al.
Element

Areal density (atoms/nm2)

Atomic ratio (atom %)

Mg

1.73 X 1014

100

Al

0

0

35

Figure 28. EELS spectrum at the interface for B, C and O.

Table 5. EELS spectrum analysis at the interface for B, C and O.
Element
B

Areal density (atoms/nm2)

Atomic ratio (atom %)

13

12

12

2.12 X 10

C

7.41 X 10

4

O

1.46 X 1014

84
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4.2. Interfacial Features of Composites
4.2.1 Characterization of AZ91-SiC Particle Interface
During the squeeze casting of the MMC, reactions can occur at the interface between the
AZ91 matrix and the SiC particles due to the high temperature. Prior to squeeze casting, the SiC
particles are spontaneously oxidized even at ambient temperature. As a result, SiC particles are
covered with SiO2. Therefore, interface reactions can occur between AZ91 and SiO2. Four
elements may react with each other: Mg, Al, Si, O.
To understand the reactions, the stability of oxidation has to be considered. Gaskell
(2003) explained that the Gibbs Free Energy (ΔGº) is a key factor in explaining oxidation
stability. The ΔGº is expressed by:

ΔGo = ΔH − TΔS

(Equation 1)

where ΔH is the standard enthalpy change, ΔS is the standard entropy change and T is the
temperature in Kelvin.
The variation of ΔGº with temperature for a metal “A” is shown Figure 29. When the
temperature is less than the oxidation equilibrium temperature (TE), ΔGº is negative. In that case,
metal “A” becomes unstable relative to its oxide and therefore oxidizes. However, when the
temperature is higher than TE, ΔGº is positive and the oxide “AO2” decomposes.
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Figure 29. A schematic plot of ΔGº dependence on temperature.

In order to find the value of the equilibrium oxygen partial pressure (𝑃𝑂 2 (TE)) at a

certain ΔGº, Richardson added a monographic scale to the Ellingham diagram presented in
Figure 30. At T1, a decrease in ΔGº is depicted by line “a~b” in Figure 30 and the equilibrium
oxygen partial pressure (𝑃𝑂 2 ) is 10-20 atm to cease the reaction. At T2, ΔGº is 0 and the

equilibrium oxygen partial pressure ( 𝑃𝑂 2 ) is 1 atm, so the energetics of oxidation and
decomposition are the same. In addition, the more negative the value of ΔGº, the easier the metal

oxidizes. Thus, ΔGº is a measure of the chemical affinity of the metal to oxidize.
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Figure 30. A variation of ΔGº with temperature and oxygen pressure (Gaskell, 2003).

During the squeeze casting process, temperature is maintained around 1100~1200K.
According to the Ellingham diagram in Figure 31, Mg is more unstable compared to Si or Al. As
a result, the oxidation of Mg continues until the oxygen partial pressure decreases to around 10-35
atm, which is low enough to cease the reaction. During oxidation, the oxygen partial pressure
decreases below equilibrium for the reaction of Si. As a result, SiO2 will decompose when the
oxygen partial pressure drops below 10-22 atm. When the final equilibrium state is reached, the
constituents of the interfaces should be Si, Al, and MgO at equilibrium pressure.
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Figure 31. Ellingham diagram for Mg, Al, Si.

Braszczynska et al (2003) conducted research with Mg-8 wt.% Al matrix and an α-SiC
particle reinforcement. SiO2 was detected via electron diffraction because of the thin oxidation
layer on the SiC particle surface. Moreover, very thin MgO layers were found throughout the
interface between the matrix and the SiO2.
Although TEM was not performed in this study, it is predicted that the AZ91-SiCp MMC
would have similar interfacial characteristics as those observed by Braszcynska et al.
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4.2.2 Characterization of AZ91-Al2O3 Whisker Interface

The interface between the molten AZ91 and Al2O3 can also react during the squeeze
casting process. The interfacial reaction products are strongly related to the presence of Mg, Al,
and O. As shown in Figure 31, Mg is easier to oxidize than Al. The oxidation of Mg continues
until the partial pressure of oxygen decreases enough to terminate the reaction. Therefore, similar
interfacial products would be produced as in the case of the AZ91-SiCp MMC. During oxidation,
the oxygen partial pressure decreases below equilibrium for the reaction of Al. As a result, Al2O3
decomposes and when the final equilibrium state is reached, the constituents of the interfaces
would be Al and MgO.
Pfeifer et al (1990) conducted an experiment regarding the Mg-alloy (ZE41A) matrix
with α-alumina fiber reinforcement. The reaction zone was observed between the Al2O3 fiber and
Mg-matrix. In the reaction zone, Pfeifer et al. (1990) found MgO by TEM. Although TEM was
not performed in this study, AZ91-Al2O3 whisker MMCs should have similar interfacial
characteristics.

4.2.3 Characterization of AZ91-Carbon Fiber Interface

During squeeze casting (1100K), the Mg matrix is not likely to react with the C fiber
since most magnesium carbides have a positive ΔGº.
According to Coltters (1985), ΔGº for Mg2C3 and MgC2 can be calculated with Equation
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1. Irmann (1948) found the value of ΔH298 for Mg2C3 and MgC2 to be 79.5 ± 33.5 KJ mol-1 and
87.9 ± 10.9 KJ mol-1, respectively. Also, ΔS298 for Mg2C3 and MgC2 were found to be 58.6 ±
12.6 J mol-1 and 58.6 ± 12.6 J mol-1, respectively by Furukawa, Reilly and Piccirelli (1960) and
Kirkorian (1955). Based on these data, Coltters (1985) calculated ΔGº in the temperature range
of 923~1150 K to be:

ΔGº for Mg2C3 is

ΔGº for MgC2 is

ΔGo = 15912 + 3.56T J mol−1 K −1

ΔGo = 36056 + 0.5T J mol−1 K −1

Figure 32 depicts these results using the Ellingham diagram for Al4C3. Al is easier to
carbonize than Mg. Moreover, Mg carbides have positive ΔGº values and will decompose at the
processing temperature. Therefore, it can be concluded that the Al in AZ91 will also react with
the C fiber to produce Al4C3 at the interface.
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Figure 32. Ellingham diagram for Mg and Al carbides (Coltters, 1985).

Similar research was conducted by Feldhoff et al. (1999) with an MMC of AZ91
containing 63 vol.% of carbon fibers. Feldhoff reported that Al4C3 was found by TEM at the
interface between the C fiber and the AZ91 matrix.

4.2.4 Characterization of AZ91-B4C Particle Interface

Kevorkijan (2009) reported that the Mg-B4C system has low wettability and chemical
reactivity. To increase the wettability, Ti or Si is widely used as a wetting agent.
The presence of Mg2Si precipitates (bright phase) in Figure 33 indicates that Si was used
to enhance the wetting condition in this AZ91-B4C particle MMC. Therefore, Mg, Si, B and C
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may react with each other at the interface between AZ91 and B4C.

Figure 33. Backscatter electron micrograph of AZ91-B4C particle MMC.

However, the EELS spectrum analysis results in Table 6 show that the dominant
constituent at the interface is MgO. This is attributed to the high reactivity of Mg with O.
Squeeze casting exposes the Mg to O. Therefore, it is very likely that MgO will be produced at
the interface during the process. Also, the B and the C could react with rest of the Mg. According
to areal density data, the B atoms could react with some of the remaining Mg atoms to produce
MgB2. Moreover, the C atoms could react with rest of the Mg and B and produce MgB2C2. As a
result, about 90 wt. % of the MgO, 9 wt. % of the MgB2 and less than 1 wt. % of the MgB2C2
exist at the interface.
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Table 6. EELS spectrum analysis result at the interface.
Element

Areal density (atoms/nm2)

Mg

1.73 X 1014

O

1.46 X 1014

B

2.12 X 1013

C

7.41 X 1012

The products MgB2 and MgB2C2 are explained by the Mg-B and Mg-B-C phase diagrams
respectively. B4C will decompose during the squeeze casting process. Moreover, decomposed B
and C from B4C will react with Mg. According to the Mg-B phase diagram, the molten Mg has
little solubility for B. Therefore, the mixture of molten Mg and B produces MgB2, MgB4 and
MgB7 rather than Mg solid solution around 1000~1100 K.
In addition, the Mg-B-C ternary phase diagram in Figure 34 explains the products more
clearly. The reaction will occur through “A” direction in Figure 34 because, only a thin layer of
B4C will react with molten Mg, the reaction occurs through “A” direction, close to Mg corner.
Therefore, this reaction can produce MgB2C2 and MgB2.
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Figure 34. Mg-B-C phase diagram at 1123K.

Kevorkijan et al. (2009) found that the reaction between Mg and B4C produces
magnesium borides (MgB2 and less stable MgB4) and elemental carbon. Kevorkijan reported that
MgB2 and MgB4 decompose completely at 1320K and 1100K respectively. Also, Mg2Si was
produced because of the wetting agent Si.
Based on the Mg-B-C phase diagram and ΔGº analyses, MgB2, and MgB2C2 will be produced
at the interface during the squeeze casting of AZ91-B4C MMCs.
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4.3 Hardness Testing

To prove the increase in hardness by reinforcement, 10 Vickers hardness measurments
were carried out for each of the four samples. An average Vickers hardness number for the AZ91
matrix was determined to be 62.5. The Vickers hardness number for each sample is given in
Table 7.

Table 7. Data from hardness tests.
Vickers

Standard

Number

Deviation

AZ91-SiC particles

234

35

AZ91-Al2O3 whiskers

168

15

AZ91-C fibers

236

6

AZ91-B4C particles

250

13

MMC

As shown in Table 7, all the Vickers hardness numbers were approximately 3-4 times higher
than that of the AZ91 matrix.
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CHAPTER 5: CONCLUSIONS
This study was carried out with the main purpose of examining the products and
microstructures at the interface between the matrix and the reinforcements. The increase
hardness of these MMCs due to the addition of the reinforcements was also investigated.
Conclusions from this study are listed below.

•

During the processing of the MMCs, reactions occurred that produced new
phases at the interface between the matrix and reinforcements.
o The reaction between AZ91 and SiC produced MgO at the
interface. A thin oxide layer on the SiCp is the origin of this
product.
o The reaction between AZ91 and Al2O3 produced MgO at the
interface. Mg is thermodynamically easier to oxidize compared to
Al.
o The reaction between AZ91 and C fiber produced Al4C3 at the
interface. Al in the AZ91 matrix reacted with C to produce Al4C3.
o The reaction between AZ91 and B4C produced MgO, MgB2 and
MgB2C2 at the interface.

•

The Vickers hardness numbers of all four samples were approximately 3-4
times higher than the AZ91 matrix.
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